Mixed Wino-Axion Dark Matter in string/M theory and 
the 130 GeV 7-line "Signal" 

Bobby Samir Acharya 1,2 , Gordon Kane 3 , Piyush Kumar 4 , Ran Lu 3 , and Bob Zheng 3 
1 Department of Physics, King's College London, UK 
2 International Centre for Theoretical Physics, Trieste, Italy 
^Michigan Center for Theoretical Physics, Ann Arbor, MI 48109 USA 
4 Department of Physics, Columbia University, New York, NY 10027 USA 

String/A/ theory compactiflcations with low energy supersymmetry tend to predict that dark 
matter has two components: axions and WIMPs [HE]- In accord with this, we show that the 
tentative 130 GeV 7-line signal reported in |3] can be interpreted as arising from the annihilation of 
145 GeV mass, Wino-like WIMPs into a Z-boson and a photon. In this context, the signal implies 
a second component of dark matter which we interpret as being composed of axions - the relative 
Wino/Axion abundances being approximately equal. Further predictions are implied: signals in 
both diffuse and monochromatic photons from dwarf spheroidal galaxies; monochromatic photons 
with energy 145 GeV; for the LHC, the Higgs boson mass has been predicted in this framework [2], 
and the current Higgs limits provide interesting constraints on the mass of the Gluino. 



I. INTRODUCTION 

Although the existence of Dark Matter (DM) is a well 
established fact, both its origin and composition remain a 
deep mystery. Arguably the two most theoretically well- 
motivated DM candidates are axions [5] and weakly in- 
teracting massive particles (WIMPs) . WIMP candidates 
for DM often exist within the context of supersymme- 
try. Both WIMPs and axions are present in solutions of 
string/M theory with low energy supersymmetry break- 
ing and it has been argued that both should form a signif- 
icant component of DM [UE]. In fact, considerations of 
cosmological moduli physics imply that the WIMP com- 
ponent of dark matter is Wino-like 1 [BH5]. 

WIMPs can be "indirectly" detected by observing the 
cosmic ray fluxes arising from their annihilation. Among 
the cosmic rays, 7-rays are special because they prop- 
agate essentially unperturbed and retain spatial infor- 
mation about their sources. In addition to providing a 
diffuse 7-ray signal, DM annihilations also give rise to 
monochromatic 7 'lines', whereas the astrophysical back- 
ground tends to be a 'featureless' continuum. Thus, clear 
detection of a monochromatic 7-ray signal is thought to 
be 'smoking-gun' evidence for DM [9]. 

In light of this, the recent claim in [3] of a tentative 
7-ray line signal in the Fermi satellite data at an energy 
Ery s» 130 GeV - arising from the Galactic Center (GC) 
with a local (global) significance of 4.6 a (3.3 a) - is ex- 
tremely tantalizing. An independent analysis by |10j cor- 
roborates the existence of such a signal. Further studies 
of these claims are eagerly awaited. The Fermi-LAT col- 
laboration has not officially reported a 7-line signal; how- 
ever, they have recently set limits on the DM annihilation 
cross-section to photons by searching for 7-lines from es- 



sentially the entire Milky Way (excluding the Galactic 
Plane) [TT], thus complementing the target regions close 
to the GC studied in (3J. In any case, confirmation (or 
not) of the signal could come from several experiments in 
the near future e.g. the observation of the 7-line signal 
from the GC and dwarf spheroidal galaxies, as well as the 
observation of excess diffuse 7-rays from the dwarf galax- 
ies, by Fermi-LAT and AMS-2 . A second 7-line signal 
at nearby energies is predicted by many models and this 
should also be observed by the two experiments. 

In this paper, we will assume that this tentative 7-line 
signal does indeed arise from the annihilation of a WIMP 
component of DM, and we interpret the broad conse- 
quences for physics beyond the Standard Model, focusing 
in particular on low energy supersymmetry models which 
arise from string/M theory. We will demonstrate that, 
consistent with the generic predictions [2], not only can 
the signal be explained well with Wino-like WIMPs 2 , it 
also implies a second component of DM, which we inter- 
pret as being composed of axions. The data determines 
the LSP mass and also the annihilation rate to photons 
(with uncertainties), so we can deduce a number of con- 
sequences, the estimate of the ratio of the WIMP and 
axion abundances being one of them. 

In section [TTJ the broad implications of the signal for 
BSM physics from a low energy point of view are dis- 
cussed. Then, in section |III[ we summarize a top-down 
approach which studies generic properties of realistic 
string vacua (see [2] for a broad review), emphasizing 
how it leads to the prediction that DM is composed of 
both WIMPs and axions. In section [TV] we demonstrate 
that the 7-line signal is consistent with Wino-like WIMPs 
and we determine the ratio of the axion and WIMP abun- 
dances. In section [Vj we study the constraints and as- 
sociated WIMP signals of the framework. In particu- 



1 The Wino is the spin 1/2 superpartner of the W° gauge boson 2 The Wino is the spin 1/2 superpartner of the W° gauge boson 
in the Standard Model. in the Standard Model. 
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lar, we show that the current limits from searches for 
7-lines from the Milky Way [11] as well as searches for 
excess diffuse 7-rays from dwarf spheroidal galaxies [12] 
also suggest a non-negligible contribution to DM which 
is not WIMPs. Finally, in section |VI| we make corre- 
lated predictions for particle physics. For example, in 
the particular framework which gives a Higgs mass pre- 
diction [3] compatible with the recent hints at the LHC, 
the Gluino and Bino masses are predicted as functions of 
the gravitino mass 772.3/2- 

II. REQUIRED CROSS-SECTION AND 
IMPLICATIONS 



metric standard model (MSSM) and many other mod- 
els. On the other hand one could reconcile a thermal 
cross-section with significant annihilation into photons 
by considering either models in which the annihilation 
to photons is somehow enhanced |13| . or in which there 
exist very light states giving rise to a Sommerfeld en- 
hancement of the cross-section [10 . In this work, we 
study a different and rather appealing mechanism which 
we will show is compatible with the tentative signal as 
well as all other contraints, and moreover, works for sim- 
ple and well motivated models such as the MSSM: this 
is the non-thermal WIMP 'miracle' [5] and is reviewed 
below. 



The most interesting feature of a 7-line signal is that 
the energy of the line EL is very simply related to the 
mass of the WIMP due to the WIMPs in the halo being 
almost at rest. Since the signal is at E 1 « 130 GeV, 
this means that if the signal is interpreted as coming 
from WIMP annihilation to 77, then the WIMP mass 
m x ~ 130 GeV. If the signal is instead interpreted as 
arising from Z7 final states, this would imply m x w 145 
GeV. 

There is considerable uncertainty in extracting the 
best-fit annihilation cross-sections into 77 or Z7, even 
if the signal is correct. The analysis of [3j gives the re- 
sults: 

((T«)^4. 77 « 1.27 ± 0.32±g;|| x 10" 27 cm 3 /s : Einasto 
^2.27 ±0.57 toil x 10~ 27 cm 3 /s : NFW(l) 

for the two DM profiles with p|5m being normalized to 
0.4GeV/cm 3 . As is known, the local DM density at the 
sun's position has an 0(1) uncertainty. The presence of 
DM substructures very close to the GC can also lead to 
an increased 7-ray flux. Furthermore, |10j claims that 
scanning the Galaxy in a way such as to maximize the 
130 GeV signal gives rise to a larger flux and increases the 
required cross-section by a factor of few. In this work, 
for concreteness we study the implications of the more 
conservative analysis by 3J, in which the target regions 
for study were chosen beforehand and the existence of the 
signal was then determined. Nevertheless, it is important 
to remember that the results of this paper are only valid 
within the set of caveats mentioned above. 

The cross-section in ([I]) is large compared to naive ex- 
pectations for the following reason. The standard as- 
sumption which is made about WIMP DM is that it is 
a thermal relic. With this assumption, the WIMP an- 
nihilation cross-section at thermal freezeout is (av xx ) = 
(avf^ rm ) w 3 x 10~ 26 cm 3 /s. However, WIMPs typi- 
cally annihilate to photons only via loop effects. Hence, 
the cross-section is suppressed by a loop factor: 

Wxx-77 < TlL ^<x m ) * L9 x 10- 28 cm 3 /s, (2) 



A. The non-thermal WIMP 'Miracle' 

Compactified string/ A/ theory generically gives rise to 
moduli fields in the effective low energy description of 
physics. These are the low energy manifestations of the 
extra dimensions present in string/Af theory and are nec- 
essarily present as long as the supergravity approxima- 
tion is valid. Moduli fields couple fairly universally to 
matter with interactions suppressed by a large scale, such 
as the GUT or Planck scale. They generically will dom- 
inate the energy density of the Universe after inflation 
but must decay before big-bang nucleosynthesis (BBN). 
When they decay, they not only dilute the density of any 
thermal relics by many orders of magnitude, but they 
also produce WIMPs as decay products. 

This gives rise to a WIMP number density of order : 

where Tr is the reheat temperature generated when the 
modulus X decays, Tx the modulus decay width and 
H(T) the Hubble scale at temperature T. By con- 
trast, in the thermal case, n t J lermal ~ f 1 ^Tf2 , where 

' ' X (a ' 

Tp is the WIMP freezeout temperature. This implies 
that to obtain a roughly correct abundance in the non- 
thermal case, (tru)^ has to be larger compared to that 
for the thermal case by a factor of Furthermore, 
with ((tv) x ° x larger by a factor of ^ relative to the 
thermal case, the one-loop suppressed Z 7 (77) channels 
can naturally have a cross-section consistent with the 
tentative Fermi-LAT signal! Finally, within the frame- 
work of supersymmetry there naturally exist WIMP LSP 
candidates like the Wino or the Higgsino with annihila- 
tion cross-sections precisely in the required range. Since 
Winos have a larger annihilation cross-section than Hig- 
gsinos for the same mass, a Wino- like LSP with a small 
Higgsino component is favored 3 . 



which is at least an order of magnitude smaller than the 
reported signal. This is true for the minimal supersym- 



3 For simplicity, we do not consider models beyond the MSSM. 
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In the next section, we describe an approach which 
satisfies all the conditions required for the "non-thermal 
WIMP miracle" to work, and which also gives rise to 
Wino-like LSPs in a large region of parameter space. 
Henceforth, we will study this case in detail. 



III. GENERIC DM PREDICTIONS IN 
STRING/M THEORY 

In this section, we briefly summarize a top-down frame- 
work which aims to study generic properties of large 
classes of realistic solutions of string/M theory (with 
rather mild assumptions) . In particular, by "realistic" we 
mean vacua which have stabilized moduli with supersym- 
metry breaking at a low scale, a compactification scale 
Mkk around the traditional GUT scale, and which sat- 
isfy all phenomenological and cosmological constraints. 
For a broad review of this approach see [2] ■ 

The key to making these generic predictions lies in the 
physics of the moduli fields whose vacuum expectation 
values parametrize the size and shape of extra dimen- 
sions, and appear in the low energy effective supergravity 
theory in four dimensions. In supergravity, the gravitino 
mass m 3 / 2 generically sets the scale for all scalar parti- 
cles, including both the moduli and MSSM scalars. This 
is borne out by explicit string/M theory examples. There 
are two interesting exceptions - the axions and the light- 
est Higgs boson. The scalar trilinear couplings are also 
0(1) rrc.3/2- The actual value of m 3 / 2 is set by cosmolog- 
ical arguments. Requiring that the moduli decay before 
BBN leads to 4 m 3/2 > 30 TeV. This implies that most 
of the history of the pre-BBN is matter dominated by 
moduli and not radiation dominated as is often assumed. 

The axion fields at, which are pseudoscalar partners of 
the moduli, do not get masses of 0(m 3 / 2 ) because of shift 
symmetries — » a,; + Cj which originate from gauge sym- 
metries in higher dimensions. Non-perturbative effects 
will stabilize these axions with masses exponentially sup- 
pressed relative to m 3 / 2 . Since there are typically large 
numbers of axions, their masses are distributed roughly 
linearly on a logarithmic scale, as suggested in 14J. One 
of these light axions could naturally be the QCD ax- 
ion, solving the strong CP problem together with moduli 
and axion stabilization pQ. Because of their tiny masses, 
many of these axions start oscillating when the mod- 
uli are dominating the energy density of the Universe. 
Hence, when the moduli decay releasing a large amount 
of entropy, this dilutes the energy density of axions sig- 
nificantly. This gives an upper bound on the axion de- 
cay constant f a of order 10 15 GeV, close to the natu- 
ral value obtained in these compactifications of around 
M GUT ~ 10 16 GeV [J. Thus, with a small (~ 1%) tuning 



4 Much larger values of m 3 y 2 are disfavored by considerations of 
axion physics [T] [2] and the Higgs mass [4] . 



an 0(1) abundance of DM is predicted to be in the form 
of axions. Note that assuming a radiation dominated 
pre-BBN Universe leads to an upper bound f a < 10 12 
GeV with 0(1) misalignment angle, which is typically 
inconsistent with Grand Unification. 

In supersymmetric models with a sufficiently conserved 
stabilizing symmetry (like i?-parity), the LSPs will also 
be present in the early Universe as WIMP DM candi- 
dates. Even though moduli decay essentially wipes out 
their thermal abundance, they are regenerated by the 
moduli decay themselves. Although scalar masses are 
generically 0(m 3 / 2 ), gaugino masses need not be, either 
due to symmetries or dynamics. There exist string/M 
theory solutions where the gaugino masses are naturally 
suppressed relative to m 3 / 2 (see [T5], [IS]); the LSP can 
then be Wino-like (possibly with a very small Higgsino 
component) in a large region of parameter space, and 
non-thermal production by moduli decay can naturally 
provide an 0(1) abundance of DM, via the so called "non- 
thermal WIMP miracle", which was shown in [7] and is 
discussed in section III Al 

Thus, we see that the framework generically predicts 
two non-negligible sources of DM - axions and WIMP 
LSPs. The precise ratio of abundances of the two com- 
ponents cannot be determined from the theory yet. This 
is where the Fermi "f-line signal comes in. It provides a 
rather accurate determination of the LSP mass. We will 
see in the following sections that modulo astrophysical 
uncertainties, the tentative signal determines the relative 
fraction of dark matter in the form of WIMPs and axions. 
Specific predictions for other observables also arise, most 
importantly the mass of the Gluino. Mixed WIMP/axion 
dark matter has also been considered recently in [17] . 

Before moving on, we note that when the matter and 
gauge spectrum below the GUT scale is precisely that of 
the MSSM, the mass of the lightest Higgs boson can be 
accurately computed in this framework [4] giving results 
in good agreement with the recent hints from the ATLAS 
and CMS experiments [TH]. This provides a compelling 
reason to interpret the tentative DM signal in this con- 
text. 



IV. INTERPRETING THE SIGNAL IN 
STRING/M THEORY. 

The 7-ray flux for Wino-like WIMPs has a bigger con- 
tribution from Z7 rather than 77 final states. The flux 
is given by the line of sight integral of the square of the 
DM density profile, normalized by the cross-section: 

= 2{(E " EJ /.„.,. ^ (r) (4) 

where £ is the angle to the GC, m x is the WIMP mass, 
(a v) xx ->z 7 is the partial annihilation cross-section of the 

WIMPs to Z 7, E 7 — m x (l — j-^t) is the 7-line energy 
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and p x {r) is the DM profile as a function of the Galac- 
tocentric distance r. 

The tentative 7-line signal when interpreted in terms 
of 77 final states yields an effective cross-section of 
(cru) xx _> 77 « 1.27 x 10 _27 cm 3 /s for the Einasto pro- 
file (normalized to p s d ™ = 0.4GeV/cm 3 ) [3J. After a 
rescaling as in [IS] this corresponds to a Zj annihilation 
cross-section of 



x reqd 



3.1 x 10~ 2 'cm 3 /s - Einasto. 



(5) 



Note that for simplicity here we have neglected the con- 
tribution of the 77 channel to the signal, since it is sup- 
pressed relative to Z 7. Including this channel will change 
the above values slightly. 

An important point worth remembering is that this 
effective cross-section assumes that the entire DM abun- 
dance consists of WIMPs. However, from a string/M 
theory perspective one expects that both WIMPs and 
axions form a significant fraction of DM. Using the infor- 
mation about the WIMP mass from the 7-line signal, we 
can constrain this fraction (up to the uncertainties ex- 
plained in section [IT] and below) . To set up the notation, 
we define: 



Q x — TjQ.dm] J% ~ VGC Jdr, 



(6) 



where J a = L s aq ^ s ^ /°yi( r )- 7 7 ^ s the fraction of the 
total DM abundance in the form of WIMPs, and t\gc is 
the fraction in WIMPs along the line of sight (toward the 
GC). rj does not equal r\cc m general; for example, the 
DM fraction in the form of WIMPs along the line-of-sight 
may itself depend non-trivially on the galactocentric dis- 
tance r due to the existence of "boost" (clump) factors. 
Also, the uncertainty in the DM density at the position 
of the sun can be folded into t/gc if one normalizes to 
the value 0.4GeV/cm 3 chosen in [3j. 

The annihilation cross-section of a light Wino LSP to 
Z 7 is a loop process with charged Winos (almost degen- 
erate with the LSP ) and IF-bosons in the loop. Hence 
the magnitude of the cross-section is determined by the 
LSP mass m x and the SU(2) gauge coupling g, and was 
first computed in [20]. For a Wino mass of 145 GeV, we 
estimated the cross-section using DarkSUSY [21 , which 
uses the expressions in [20 : 



{<jv) xx ^ Zi ~ 1-26 x lCT 26 cm 3 / 



(7) 



The total annihilation cross-section of Wino-likc LSPs 
is dominated by the annihilation to W + W~ ; however 
due to the presence of almost degenerate charginos split 
only by around 160 MeV [32], coannihilation effects are 
also important in the early Universe (although not at 
present). Contrary to the thermal case where the coan- 
nihilation contribution is determined by the freezeout 
temperature Tp, in this case the coannihilation is deter- 
mined by the reheat temperature Tr. We have computed 
the total cross-section using both DarkSUSY|21) and Mi- 
crOMEGAs [23J. 
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FIG. 1: Relic Abundance within a non-thermal cosmological his- 
tory of a Wino-like LSP with mass 145 GeV as a function of the 
reheat temperature Tr arising from the decay of the lightest mod- 
ulus. 



Since the 7-ray signal is proportional to J x (a v) xx . 
from Q, using 1^, and ^ one gets: 



VGC 



3.1 x 10- 27 
1.26 x 10" 26 



0.49; 



-0.07 



— Einasto 



■z 7 



(8) 



where the uncertainties come from those estimated in 
[3J. We will use the Einasto profile as a benchmark as 
this provides more stringent constraints compared to the 
NFW or isothermal profiles, as will be seen in section [V] 

Since t\gc < F when interpreted within this frame- 
work, the signal implies that DM does not consist only 
of WIMPs. Furthermore, iff] w r\GC, then for an Einasto 
profile approximately 49% of the DM consists of WIMPs 
and the other 51% consists of axions. However, these 
fractions will change if 77 ^ t/qc ■ Note that a very promis- 
ing proposal has been made for measuring the (ultra- 
light) axion fraction of dark matter using weak lensing 
tomography [24] and the results of this are keenly antic- 
ipated, see also [2"5] . 

One can also calculate theoretically the abundance of 
the Wino-like LSPs il x and that of the axions £l a within a 
non-thermal cosmological history. Starting with WIMPs, 
from the arguments leading to ([3]), it can be shown that 



45 



h * « ^ m ^ ( 1 ^ (9) 

2n ^ 10 g*(T R ) (p/s) cnt \m pl T R {a «)*g* J 

where m p i is the reduced Planck scale, g*(Tfj) measures 
the relativistic degrees of freedom at Tr, and as explained 
above (a w)*^ is also a function of Tr which is computed 
using MicrOMEGAs. Then, the LSP abundance O x can 
be computed as a function of Tr as in Figure [T] From the 
Figure, we see that for 100 MeV <T R < 300 MeV, the 
relic abundance changes quite rapidly due to the rapidly 
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changing value of <7+(Tr) caused by the QCD phase tran- 
sition. 

The relic abundance for the axions on the other hand 
is given by pQ: 



0(1) 



faX 

(p/s)cnt \m p i ) 



(10) 



where f a is the axion decay constant and 9 is the axion 
misalignment angle in the early Universe. Then requiring 
that fl x = ij^ldm and fl a = (1 — 77) Qdm, one gets from 



Tn 



4 x 10" 6 GeV (1 - r)) 



(11) 



where we have used (p/s) cr it — 3.6 x 10~ 9 GeV, and have 
taken f a sa 10~ 2 m p i ~ Mqut as is natural in realistic 
string compactifications [T]. 

Thus for T] sa r?GC; from Figure [l]and eqn. (1111, one 
obtains: 
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FIG. 2: Upper bound on tjmw, denned in a similar way as in |6jl 
for the Milky Way, as a function of the 7-ray energy for WIMPs \ 
annihilating to Z7. t\mw provides a rough estimate of the overall 
WIMP fraction of DM, as explained below. 



T R « 166 MeV with cj*(T fi ) « 74 
{6 2 ) 1 ' 2 « 4. x 1(T 3 (12) 

which corresponds to sa 5.6 x 10~ 24 cm 3 /s. The 

misalignment angle is thus tuned between the per cent 
and per mille level, which is much better than that 
in the thermal case for many axions. Again, if 77 7^ 
Vgc these numbers will change, though the qualita- 
tive result will likely remain unchanged. Since Tr = 
f 3 \ 1/2 

( ^g^Tfl) ) 174 [ mx s T pl ) , where fx is the decay con- 
stant of the lightest modulus X (which has a mass mx ~ 
2777.3/2 [21 [7]), this means that for example fx ~ 2.3xl0 17 
GeV for m 3 / 2 = 60 TeV, which is close to the string or 
eleven dimensional scale. 



V. CONSTRAINTS AND ASSOCIATED WIMP 
SIGNALS 

As mentioned in section [TJ the Fermi-LAT collabo- 
ration has put strong upper limits on the annihilation 
cross-section to Z7 by searching for 7-ray lines from es- 
sentially the entire Milky Way [TT]. Within our frame- 
work, WIMPs are only part of the total DM. Hence, the 
limits roughly put an upper bound on the fraction of 
DM in the form of WIMPs. More precisely, defining 
jMW _ fi 2 MW j dm i n a similar way as in (|6|) but now 
for the Milky Way, the limits in |11) put an upper bound 
on rjMW a s seen in Figure [2j Note that since 77 7^ f]MW 
in general, technically this does not put an upper bound 
on the overall LSP fraction of DM, but it is still ex- 
pected to provide a reasonable estimate. Thus, the fact 
that t]mw < 1 for oil three profiles for E 1 « 130 GeV 
(m x 145 GeV) is remarkably consistent with an addi- 
tional component of DM. 



If 77 sa rjcc ~ Vmw, then for m x — 145 GeV (_E 7 = 130 
GeV), this implies an upper bound on the LSP fraction 
of DM r\ m ax{jn x = 145 GeV) « 0.56 for the Einasto pro- 
file, which is consistent with the fraction obtained (0.49) 
assuming the existence of the 7-line signal (see statement 
below ([8])). The fact that the Fermi-LAT limits are com- 
parable to the results we obtain implies that their anal- 
ysis is quite close to being sensitive to the Wino signal. 
Note that the constraints from the NFW and isothermal 
profiles are weaker than those for the Einasto profile, so 
they are also easily compatible with the 7-line signal. Fi- 
nally, for E 7 > 180 GeV (m x > 191 GeV) for the NFW 
profile and for E 1 > 175 GeV for the isothermal profile, 
Vmw becomes larger than unity, implying that there is 
no bound. 

The non-observation of excess diffuse 7-rays from the 
GC and dwarf spheroidal galaxies (dSphs) also puts con- 
straints on the framework in general. The bounds from 
the GC can be easily satsified, however the bounds from 
dwarf spheroidals provide non-trivial constraints. In par- 
ticular, Fermi-LAT has put bounds on the total cross- 
section of WIMPs, assuming a dominant annihilation to 
W pairs and assuming that WIMPs form the entire DM 
content of the Universe. For m x — 145 GeV, the bound is 
1 x 10~ 25 cm 3 /s [12j. Again, since we expect that WIMPs 
are only part of the total DM and since the total cross- 
section at present is smaller than that in the early Uni- 
verse because coannihilation effects are absent now (the 
temperature inside the dwarf galaxies is smaller than the 
mass splitting between the LSP and lightest chargino), 
the bounds on the total WIMP cross-section are relaxed. 
Defining J x Sph = rjdSph Jdm in a similar way as in |6j) 
but now along the line of sight for the dwarf galaxies, 
one finds that the bound on the total WIMP annihila- 



() 



tion cross-section becomes: 



(av)' 



1 x 1CT 25 cm 3 /s 

VdSph 



(13) 



For ridSph ~ Vgc, this gives 2.6 x 10~ 25 cm 3 /s, which is 
in tension with the value obtained for a Wino-like LSP 
- 3 x 10 _24 cm 3 /s [21 (since coannihilation effects are 
not important at present). However, this tension can be 
relaxed if rj dSp h < Vac, say n dSph < 0.37 i] GC . Presum- 
ably, this also implies that one expects to see a diffuse 
7-ray DM signal from dwarf spheroidal galaxies in the 
near future; conversely, non-observation would place se- 
vere constraints on the framework. 

The Wino-like LSP interpretation of the tentative 7- 
line signal has consequences for WIMP signals in other 
astroparticle-physics observables. First, as mentioned in 
section |IV| Winos also give rise to a 7 7 signal which 



will give rise to a (smaller) peak at E 7 145 GeV. 
This should be eventually seen by Fermi and AMS2. 
The 7-line signal should also be observable from dwarf 
spheroidal galaxies with sufficient data. In addition, for 
a given 77, it is possible in principle to make a predic- 
tion for the cosmic ray positron fraction measured by 
PAMELA [15] and Fermi [27] , as well as the total electron 
and positron signal measured by Fermi [28] . However, 
this is complicated in practice for the following reason. 
Given the Wino interpretation, the positron fraction as 
well as the total electron and positron flux cannot keep 
on rising above 145 GeV. So, although it may be possible 
to explain the positron fraction measured by PAMELA 
(possibly with a mild boost factor), the fact that Fermi 
sees both a large total electron and positron flux up to 
around 800 GeV, as well as a rising positron fraction up 
to about 200 GeV implies that there must be an addi- 
tional source of electrons and positrons. This (unknown) 
source will in general also modify the prediction for the 
positron fraction between 10 and 100 GeV (as measured 
by PAMELA), so it is not possible to make a reliable 
statement without assuming a magnitude and shape of 
the additional unknown contribution. Hence we leave 
this issue aside for future investigation. 



VI. GLUINO AND BINO MASS PREDICTION 

Theoretically, a Wino-like LSP with a mass of 145 GeV 
strongly constrains other parameters (such as the Gluino 
mass), since in the string/M theory framework all of 
these parameters are determined by a few "microscopic" 
quantities which are determined by the extra dimensions 
(see below). Therefore, this leads to correlated predic- 
tions for other observables as well. In particular, the 
subject of this section is the prediction for the Gluino 
and Bino mass consistent with a Wino-like LSP whose 
mass is 145 GeV. The framework summarized in section 
III attempts to describe a large class of string/M theory 
vacua. For concrete gaugino mass calculations, we will 
here focus on the M theory vacua studied in [5] [T51 HH] • 



These vacua naturally give rise to Grand Unified The- 
ories and for concreteness, we will assume the matter 
and gauge spectrum below the GUT scale is that of the 
MSSM, so that our precise results are valid for the same 
framework which gives a prediction for the Higgs mass 
as in [2]. 

In M theory compactifications without fluxes, the 
entire scalar potential is generated through non- 
perturbative effects (arising from strong dynamics in the 
hidden sector) and depends on all the moduli. This po- 
tential stabilises all the moduli and generates an expo- 
nential hierarchy between the Planck scale and the grav- 
itino mass m 3 / 2 i-e. the scale of supersymmetry breaking. 
One obtains [2]: 



1 PQ , (A X Q 
log 



2nQ-P \A 2 P 



(14) 



nipi 



^ = A 
m P i 



\Q-P\7/2„-^ 



Q 



Here Sj are the moduli vevs, P and Q are the ranks of 
the hidden sector gauge groups, Ai,A 2 are 0(1) con- 
stants, and Ni,N™ s are positive integers. Thus, all the 
moduli vevs, the hidden sector and visible sector gauge 
couplings {ah,a v i s }, and gravitino mass 7713/2 are deter- 
mined in terms of the dimensionless microscopic quanti- 
ties {P, Q, Ai, A 2 , Ni}. Note that m p i is the only dimcn- 
sionful parameter in these formulae. 

As reviewed in [2], supersymmetry breaking is domi- 
nated by a field which is not a geometric modulus. This 
implies that the gaugino masses, which arise from the F- 
terms of geometric moduli, do not get contributions from 
the dominant F-term, implying that they are suppressed 
relative to m 3 / 2 . The tree- level gaugino masses at Mgut 
are universal (since the SM arises from a GUT) and can 
be determined in terms of the microscopic quantities as 
an expansion in the small (asymptotically free) hidden 
gauge coupling ay l [29 : 



Mly 2 e {M GUT ) 



N 

E 

1=1 

_L9m 3 / 2 

Peff 



J KJ % J VIS ^ 

2ilm(f vis ) ~ 
+ 



OhQ_ 

6ir 



m 3 /2 (1 



(15) 



Here, P, 



eff 



= PlO; 



g (0) and Im(/_) 



Si A^ 4S Si. Furthermore, it can be shown that the sup- 



pression factor P e ff in (15) is determined once the re- 
quirement of approximate vanishing of the cosmologi- 
cal constant is imposed! In particular, this results in 
P e ff ~ 61.65 [2H]- Thus the tree-level gaugino mass is 
completely determined at the leading order! 

The sublcading correction e in ( 15 ) is a combination of 



a number of factors: the threshold correction to uqut (to 
which the contributions from Kaluza-Klein modes have 
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been computed in [3U]), the higher order corrections pro- 
portional to ah and computed in [29], and the higher 
order corrections in the Kahler potential for the matter 
field with the dominant F-term which depend on more 
details of the compactification and are harder to com- 
pute. In addition, there could be threshold corrections 
to the gauge coupling from four-dimensional states near 
the GUT scale such as the Higgs triplets arising in an 
SU(5) GUT. The computable contributions to e generi- 
cally give it a value with magnitude smaller than unity; 
hence, here we treat e as a free parameter with magnitude 
as such. 

Furthermore, since the tree-level gaugino masses are 
suppressed relative to m.3/2, the anomaly mediated con- 
tributions are also important. These do not depend 
on any new microscopic quantities, but make the gaug- 
ino masses non-universal. Thus, the gaugino masses at 
Mgut depend only on the quantities -{^3/2j £ }j where 
TO3/2 varies from ~ 30 TeV to ~ 80 TeV depending on 
the microscopic quantities, and e, which is a number with 
magnitude smaller than unity [29] . 



30 TeV < m 3/2 < 8 


OTeV 


0.05 m 3 /2 < |/-t| < 0.15 m 3 / 2 


-0.6 < e < 0.2 




1.0m 3 / 2 < A t < 1.5m 3/2 



TABLE I: Variation of Theoretical Inputs in ranges consistent 
with theoretical expectation. Only fi suppressed relative to m 3 / 2 
( "small fi" ) is considered since unsuppressed fj, gives rise to a Higgs 
mass which is ruled out. tan is correlated with /i via EWSB; fi in 
the above range gives 7 < tan/3 < 15. For more details on choices 
of these quantities, see [I]. 



The gaugino pole masses, however, depend on 
other quantities due to renormalization group evolution 
(RGE) . These are the [i parameter, the trilinear coupling 
for the third generation (A t ) and the ratio of the Higgs 
vevs (tan/3), all of which are also determined in terms 
of the microscopic quantities after moduli stabilization. 
The dependence on the /1 parameter arises from the Hig- 
gsino leading-log threshold, while that on A t arises from 
the dependence of the RGE for the gaugino masses on A t 
at two-loops. The Higgsino threshold also depends on the 
sign of /Lt, so the gaugino pole masses depend on sign(/i) 
as seen in Figures [3] and |1J tan (3, fi and A t are correlated 
via electroweak symmetry breaking (EWSB). In partic- 
ular, A t = 0(1)to 3 / 2 and \i suppressed relative to m 3 / 2 
("small /_t") gives rise to tan /3 > 5, while unsuppressed /j, 
gives tan/3 < 5, as described in [4]. The variation of these 
quantities is described in Table[Tj for more details on this, 
and the procedure for the two-loop RG evolution of the 
soft parameters from the GUT scale to the electroweak 
scale and including the relevant threshold corrections to 
compute the pole masses, see [3] and references therein. 
Since m.3/2 ^ 30 TeV, with ji in the range as in Ta- 
ble I, the LSP (and the second lightest neutralino) have 
very small Higgsino components and are predominantly 
gaugino like. For spectrum and EWSB calculations, we 
used the numerical codes SoftSUSY 131 and SPheno [521 
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FIG. 3: Gluino Pole Mass computed with SPheno as a function 
of m 3 / 2 for sign(^t) > (green) and sign(/x) < (red) with Wino- 
like LSPs in the range 140 GeV < m x < 150 GeV, and with other 
inputs varied in ranges specified in Table [I] 
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FIG. 4: Bino Pole Mass computed with SPheno as a function of 
m 3/2 f° r s ig n (M) > (g reen ) an d sig n (A t ) < (red) with Wino- 
like LSPs in the range 140 GeV < m x < 150 GeV, and with other 
inputs varied in ranges specified in Table [I] 



finding good agreement between the two. 

Figures [3] and [4] show the predictions for the Gluino 
mass rrig and Bino mass mg as functions of 7713/2 when 
the inputs are varied as in Table |TJ for choices of micro- 
scopic quantities which yield a Wino-like LSP mass in 
the range 140 GeV < m x < 150 GeV. The green (red) 
scatter points correspond to models with [i > (< 0) re- 
spectively. We find 900 GeV < m~ g < 1180 GeV for /i < 
when m 3/2 < 80 TeV, while 820 GeV < m s < 1100 GeV 
for fi > for the same range of 7713/2- The corresponding 
prediction for the Bino mass is: 145 GeV < m~ b < 250 
GeV for either sign of Note that for a given m 3 / 2 , the 
spread in the Gluino mass arising from the variation of 
the other quantities in Tabic [I] is < 50 GeV for negative 
fi and slightly larger for positive fi. For Binos, the spread 
is much smaller: < 10 GeV for both signs of /i. The up- 
per limits of the gaugino masses may be extended a bit 



if m.3/2 is slightly larger than 80 TeV. However, we do 
not expect it to be much larger because then the Higgs 
mass will be too large [I] and the fine-tuning required to 
keep the axion abundance consistent with observations 
will also increase [TJ [5] . 
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FIG. 5: Bino, Wino and Gluino Pole Masses computed with 
SPHENO as a function of e for m 3 / 2 = 60 TeV and sign(/i) < 0, 
and with other inputs varied in the ranges specified in Table [I] 
The shaded region corresponds to cases in which the LSP is not 
Wino-like. 

It is also useful to study Figure |5j which shows the 
result for the three gaugino pole masses as a function of 
the parameter e in (15) for m 3 / 2 = 60 TeV, sign(/i) < 0, 
and varying the other inputs in the ranges specified in 
Table [TJ In particular, the blue points which correspond 
to Wino LSPs, arise for -0.52 < e < -0.36, and for 
-0.28 < e < -0.17. However, a 145 GeV Wino-like LSP 
with m 3 / 2 = 60 TeV only exists when e ~ —0.52 or —0.36 
with the latter being excluded by a Gluino which is too 
light. 



VII. CONCLUSION 

In conclusion, taking seriously the tentative 7-line sig- 
nal in [3], we have shown that - consistent with the 



generic predictions in [2] - it is possible to naturally ex- 
plain the signal as due to the annihilation of Wino-like 
LSPs which constitute roughly half of the total DM con- 
tent and which is compatible with all current constraints. 
The string/M theory framework naturally predicts that 
the remaining fraction of DM is in the form of axions. 
Finally, correlated falsifiable predictions for astrophysics 
and particle physics observables can also be made. Fur- 
ther investigations of the results reported in [3J are ea- 
gerly anticipated. 

From a theoretical point of view, clearly more needs to 
be understood. We have found that in cases with suffi- 
ciently conserved R-parity (or any analagous symmetry) , 
the string/M theory vacua which arc phcnomcnologically 
viable are those in which gaugino masses are suppressed. 
Furthermore, within this class, only vacua with Wino-like 
LSPs are viable, in that Wino-like LSPs form a significant 
fraction of DM, consistent with all constraints and can 
explain the tentative Fermi-LAT signal. That such fea- 
tures arise in a reasonably large region of the microscopic 
parameter space is encouraging, and it is very important 
that we improve our understanding of the microscopic 
aspects of the theory. 
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